We demonstrate an ultra-compact waveguide taper in Silicon Nitride platform. The proposed taper provides a coupling-efficiency of 95% at a length of 19.5 µm in comparison to the standard linear taper of length 50 µm that connects a 10 µm wide waveguide to a 1 µm wide photonic wire. The taper has a spectral response > 75% spanning over 800 nm and resilience to fabrication variations; ±200 nm change in taper and end waveguide width varies transmission by <5%. We experimentally demonstrate taper insertion loss of <0.1 dB/transition for a taper as short as 19.5 µm, and reduces the footprint of the photonic device by 50.8% compared to the standard adiabatic taper. To the best of our knowledge, the proposed taper is the shortest waveguide taper ever reported in Silicon Nitride.
Waveguide tapers are an elemental part of PICs and are crucial to realize coupling between devices of varying dimensions. Since the taper length primarily depends on the starting and ending waveguide width and index-contrast, the transition between a grating coupler (GC) and a single-mode photonic wire waveguide is one of the largest [23, 24] . A grating footprint of 10 µm ×10 µm is typically chosen to mode-match the grating field with a single-mode optical fiber. The grating is then coupled to a waveguide through an adiabatic taper.
Adiabatic tapers based on Silicon Nitride platform typically provide a coupling efficiency of >95% for lengths exceeding 50 µm as there is a tradeoff between the taper length and coupling efficiency due to the adiabatic transition. Consequently, the footprint of the GCs based on adiabatic tapers is limited by the length of the taper.
It is therefore tremendously essential to design compact tapers on nitride platforms to facilitate realization of dense integrated circuits. The challenge is to design a compact taper that has lowinsertion loss, low-reflection and is broadband as well as robust to fabrication imperfections. In this paper, we experimentally demonstrate a compact highefficiency waveguide taper between a GC and single mode waveguide in Silicon Nitride platform. The taper is defined using a quadratic sinusoidal function and is highly robust to fabrication imperfections. The taper is merely 19.5 µm long with an insertion loss as low as 0.22 dB at 1550 nm.
A schematic of the taper along with a GCs is shown in Fig. 1 . Unlike an adiabatic taper, the proposed taper works on multi-mode interference along its length, resulting in maximum coupling to the fundamental waveguide mode. The proposed taper to connect a broad waveguide section to a submicron waveguide section is defined using an interpolation formula [25] 
, c is any odd integer ≥ 3. This formula meets the following boundary conditions: X (z = 0) = 0 and X (z = 1) = 1, where z is the relative length of the taper. The final width profile, X = f (z, a, b, c) is a superposition of a parabolic baseline and the square of a sine. Figure 2 shows the effect of a, b and c on the taper profile for a taper length of 19.5 µm. The Eigen Mode Expansion (EME) algorithm and Finite Difference Method (FDM) were used to optimize the taper parameters to achieve shortest taper with hightransmission between the waveguide sections. The optimal parameters were found by comprehensive numerical simulation using iterative parametric sweeps, with feedback-based parameter refinement. Additionally, the effect of dimensional variation on the transmission performance was also considered to take fabrication tolerances into account. Figure 4(c) shows the effect of end waveguide variation on the transmission. The taper transmission is unaffected for waveguide width variation of >200 nm. In practice, one can expect a width variation of ±25 nm, which results in a transmission degradation of merely < 1%. Figure 4(d) shows the effect of the total taper width variation on the coupling efficiency. As is evident, the tapers are very resilient (> 88% efficiency for ± 400 nm shift in optimized taper width). To compare the proposed taper performance with the standard adiabatic taper test structures were designed and fabricated. We have fabricated three types of structures to characterize the performance of the tapers; (a) a 10 µm wide waveguide with grating couplers, (b) grating couplers with adiabatic taper (length = 50 µm) and (c) compact taper (length = 19.5 µm). The structures were designed with an input GC along with the tapers coupling into a 1 µm wire waveguide (fiber to waveguide coupling) and tapering-out to an identical output coupler configuration (waveguide to fiber coupling). The 10 µm wide patch waveguides were designed to extract the insertion loss of the GC alone. All the GCs were designed for TE-polarized 1550 nm with a grating period of 550 nm and 50% fill-factor. The test structures were fabricated using electron-beam lithography and Inductively Coupled Plasma-Reactive Ion Etching. Patterning was done on a 400 nm thick Plasma-Enhanced Chemical Vapor Deposition (PECVD) Silicon Nitride deposited on a Bragg layer to improve the coupling efficiency. The Bragg layer was formed by alternate layers of Silicon dioxide (270 nm) and amorphous Silicon (110nm) deposited using PECVD. A 2 µm thick PECVD oxide was deposited as top cladding. Fig. 5 shows an SEM image of the grating and the CT before oxide deposition. The fabricated devices were characterized using a broadband SLED (Super-luminescent Light Emitting Diode) at 1550 nm with a 3 dB bandwidth of 90 nm and an OSA (Optical Spectrum Analyzer). The polarization of the light from the SLED source is controlled using polarization wheels before the input GC. Figure 6 shows the spectral response of the fabricated devices. Figure 6 (a-i) compares the performance of the compact taper with the long adiabatic taper while 6(a-ii) compares the efficiency of the two proposed compact taper configurations. Table 2 summarizes the taper performance.
As is evident from Fig. 6(a-i) , the characterization results confirm that the proposed CT1 yields same coupling efficiency as the adiabatic taper. The insertion loss per coupler is 4.18 dB and 4.14 dB for GC with compact taper and adiabatic taper respectively. Fig.  6 (b-i) and Fig. 6(b-ii) show the response of the proposed taper and adiabatic taper by subtracting the patch response. Using the patch waveguides, after subtracting the coupler loss, we observe insertion loss of <0.1 dB and <0.14 dB per taper for a compact taper and adiabatic taper respectively. The performance of the proposed taper is marginally better that the adiabatic with 61% reduction in length. Figure 6 (a-ii) shows the compact taper's response with different design parameter b (Table 1) . Measurement results show that a taper width variation of 30 nm would only vary the coupling efficiency by <0.2 dB, which illustrates the robustness of the proposed taper. In conclusion, waveguide tapers are an essential part of a PIC and are necessary to realize coupling between devices of varying dimensions. We have designed and demonstrated the shortest tapered spot-size converters to couple light to a single mode waveguide from a 10 µm wide waveguide. The device shows a 50.8% reduction in the footprint compared to an adiabatic taper (600 µm 2 ) and has a footprint of 295 µm 2 , and is highly fabrication tolerant as well. 
